[Abstract] This protocol is designed to obtain base-resolution information on the level of 5-hydroxymethylcytosine (5hmC) in CpGs without the need for bisulfite modification. It relies on (i) the capture of hydroxymethylated sequences by a procedure known as 'selective chemical labeling' (see Szulwach et al., 2012) and (ii) the digestion of the captured DNA by exonucleases. After Illumina sequencing of the digested DNA fragments, an ad hoc bioinformatic pipeline extracts the information for further downstream analysis.
Notes (concerning the oligonucleotides):
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Procedure
Genomic DNA is extracted using the QIAGEN DNeasy kit and fragmented into 300 bp fragments by sonication. The enzyme β-glucosyltransferase catalyzes the addition of azide-glucose to 5hmCs present in the gDNA fragments. Azide then reacts with a biotin conjugate allowing immobilization of the modified DNA on streptavidin-coated magnetic beads ( Figure 1A ). After end repair, Illumina P7 adapter ligation and nick repair, the captured DNA is incubated with the 5' → 3' exonucleases lambda and RecJf. The lambda exonuclease digests one strand of the double-stranded DNA and stops when it encounters bead-bound biotinylated 5hmC, whereas the RecJf exonuclease digests single-stranded DNA that might result from digestion of unmodified contaminant DNA by the lambda exonuclease. After elution from the beads, the DNA is denatured into single-stranded DNA molecules. This is followed by second strand 
A. Preparation of samples for Illumina sequencing
We highly recommend using RNA-free genomic DNA (gDNA) for the SCL-exo protocol. We purified RNA-free gDNA of interest by using the QIAGEN DNeasy kit and adding an RNaseA digestion step as described in the manufacturer's protocol. RNA-free gDNA from any type of tissue or cultured cells can be used for the SCL-exo protocol. However, one should keep in mind that the global amount of 5hmC differs greatly between tissues, therefore the starting amount of gDNA required for SCL-exo might vary according to sample origin. When processing samples from different test conditions, we strongly recommend adding an identical amount of hydroxymethylated DNA standard in each sample after sonication. The number of reads covering this standard can then be used to normalize the SCL-exo signals between samples.
1. Sonicate 1 μg of gDNA of interest in 10 μl of 10 mM Tris, pH 8 in a 0.65 ml sonication tube using the Bioruptor Pico to obtain DNA fragments of around 300 bp. Sonication cycles should be set at 30 sec off/30 sec on. To ensure a proper and reproducible sonication, we recommend doing 3 cycles of sonication, then a short centrifugation, then again 3 cycles of sonication, then a short centrifugation and finally 4 cycles of sonication.
2. The sonication efficiency can be quickly checked by running a 100-bp DNA marker and 0.5 μl of sonicated gDNA (diluted in 19.5 μl water) in an E-gel EX Agarose Gel (2%) for 10 min. You should obtain DNA fragments around 250-300 bp.
Note: The procedure Steps A3 to A12 come from our colleagues with minor modifications (Szulwach et al., 2012, Bio-protocol) .
3. Mix the remaining 9.5 μl of sonicated DNA with: 2 μl of 10x NEB Beta-GT reaction buffer (supplied with the Beta-GT enzyme) + 0.68 μl of UDP-6-N3-Glc (3 mM) + 1 μl NEB Beta-GT enzyme + 6.8 μl water.
4. Mix by pipetting and incubate in a thermocycler at 37 °C for 1 h (no heating lid).
5. Centrifuge quickly with the mini centrifuge (5 sec at 2,000 x g). 11. Add the 30 μl DNA eluate (from Step A9) to the resuspended beads from the previous step. The final concentration of B&W buffer should be 1x.
12. Incubate for 30 min at room temperature on rotation.
Note: Prepare the mix of the Step A15 during this step.
13. Transfer to a 2 ml Lobind tube and wash the beads five times with 1 ml of 1x B&W buffer using the magnetic stand.
14. Wash 2 times with 1 ml of 10 mM Tris-HCl pH 8. Do not let the beads dry.
15. The beads then undergo 5 successive reactions (in a 2 ml Lobind tube agitated at 900 rpm in a thermomixer) as followed:
End repair: Prepare a mix containing 10 μl of NEB2 buffer (10x), 10 μl of ATP (10 mM 18. Wash twice with 1 ml of RIPA buffer and twice with 1 ml of 10 mM Tris-HCl, pH 8.
Nick repair:
Prepare a mix containing 1.5 μl of Phi29 polymerase (10 U/μl), 10 μl of Home-made Nick Repair low DTT buffer (10x) (see Recipes), 1.5 μl of dNTP (10 mM) and 87 μl of nuclease-free water.
Add the mix to the beads in the 2 ml Lobind tube. Incubate at 30 °C for 20 min with agitation at 900 rpm in a thermomixer.
20. Wash twice with 1 ml RIPA buffer and twice with 1 ml of 10 mM Tris-HCl, pH 8.
Lambda exonuclease digestion:
Prepare a mix containing 2 μl of Lambda exonuclease (5 U/μl), 10 μl of NEB Lambda exonuclease buffer (10x) and 88 μl of nuclease-free water. Add the mix to the beads in the 2 ml Lobind tube. Incubate at 37 °C for 30 min with agitation at 900 rpm in a thermomixer.
22. Wash twice with 1 ml RIPA buffer and twice with 1 ml of 10 mM Tris-HCl, pH 8.
RecJf exonuclease digestion:
Prepare a mix containing 1 μl of RecJ exonuclease (30 U/μl), 10 μl NEB2 buffer (10x) and 89 μl nuclease-free water. Add the mix to the beads in the 2 ml Lobind tube. Incubate at 37 °C for 30 min with agitation at 900 rpm in a thermomixer.
24. Wash twice with 1 ml RIPA buffer and twice with 1 ml of 10 mM Tris-HCl, pH 8.
Elution:
Incubate the beads in 100 μl of elution buffer (see Recipes) at 90 °C for 5 min, then put directly on ice to cool the sample.
26. Transfer the 100 μl eluate to a new 1.5 ml Lobind tube and add 300 μl of 10 mM Tris-HCl, pH 8. 
5)
Determining the set of CpG dinucleotides significantly enriched in 5hmC using a peak-calling algorithm (generate-SCL-exo peaks) with a well-chosen threshold.
Details for each of these steps are given below:
Trimming and filtering the sequenced reads
Only high-quality reads should be retained for sound identification of hydroxymethylated CpGs.
Hence we used program SolexaQA (Cox et al., 2010) to trim and filter the reads present in the SCL-exo fastq files. The program takes two parameters: a quality threshold and a minimum length. First, all sequenced nucleotides whose quality is lower than the quality threshold are removed from the reads. Second, reads shorter than the minimum length are deleted. We used value 20 as the minimum nucleotide sequencing quality, corresponding to a p-value of 10 -2 (or 1% chance of occurrence of a sequencing error on any given nucleotide) and 17 as the minimum read length. The trimming is achieved by going into the SolexaQA directory and typing under Linux:
perl DynamicTrim.pl fastq -h quality -d.
www.bio-protocol.org/e2747 where minlength is the minimum length (e.g., 17) of retained reads.
Mapping filtered reads onto both strands of the genome
Bowtie (Langmead et al., 2009) can be used to map the retained high-quality reads onto the forward and reverse strands of the genome separately, with the following parameters:
where,
processors: designate the number of computer processors available for the mapping process;
length: the read length taken into account to map the read onto the genome;
nb_mismatches: the allowed number of mismatches;
-m 1 indicates that we only retain reads mapping the genome at a unique location;
--norc (respectively --nofw) that the genome reverse strand (resp. forward strand) is not used for mapping.
Note that Bowtie initially requires indexing the genome fasta files (see Bowtie user guide).
The reads must be mapped onto the forward and reverse strands separately, producing one sam file for each strand. Mapping was launched with Bowtie using the Linux command:
./bowtie -p processors --best -l 28 -n 2 -m 1 --sam --strata --norc genome fastq > fw-sam to map reads from file fastq onto the forward strand of the indexed genome file (typically a .hs file), so as to generate a forward strand fw-sam file, and:
./bowtie -p processors --best -l 28 -n 2 -m 1 --sam --strata --nofw genome fastq > rv-sam to map reads from file fastq onto the reverse strand of the indexed genome file, so as to generate a reverse strand rv-sam file. resolution is an optional parameter that takes on value 2 or 1, depending on whether the SCL-exo-wig file will be generated respectively at CpG or base-pair resolution (default is 2 if the parameter is not specified).
Identifying the consensus CpGs found in at least two out of the three replicates
We provide a python program generate-SCL-exo consensus-signal that compares three SCLexo signal files and returns a wig file containing the hydroxymethylated CpGs identified in at An example of such consensus signal can be found in Figure 3 .
The function can be called thus:
python generate-SCL-exo.py consensus-signal SCL-exo-wig1 SCL-exo-wig2 SCL-exo-wig3 min-threshold Peak-calling on an SCL-exo-wig file at CpG or base-pair resolution is launched using the Linux command:
python generate-SCL-exo.py peaks SCL-exo-wig threshold.
